Traumatic brain injury (TBI) is known to lead to a range of adverse psychiatric sequelae but the question of whether TBI is a risk factor for psychosis and, in particular, schizophrenia remains unclear. Studies examining this issue have yielded conflicting results. We carried out a systematic review of the literature on TBI and psychosis in order to identify all population-based controlled studies which provide estimates of risk for schizophrenia following TBI. Odds ratios (ORs) were combined using random effects meta-analysis. Our literature search yielded 172 studies which were considered to be potentially relevant. From these, we identified 9 studies that could provide estimates of risk in the form of ORs. The pooled analysis revealed a significant association between TBI and schizophrenia (OR 5 1.65; 95% CI 5 1.17-2.32), with significant heterogeneity between the studies. Estimates from the family studies (OR 5 2.8: 95% CI 51.76-4.47) were higher than those from the cohort/nested case-control studies (OR 5 1.42: 95% CI 5 1.02-1.97) by a factor of almost 2. There did not appear to be a dose-response relationship between severity of head injury and subsequent risk of schizophrenia. This meta-analysis supports an increased risk of schizophrenia following TBI, with a larger effect in those with a genetic predisposition to psychosis. Further epidemiological and neuroscientific studies to elucidate the mechanisms underlying this association are warranted.
Introduction
Traumatic brain injury (TBI) is associated with significant adverse mental health outcomes in up to one-third of survivors. 1 It is well established that TBI increases the risk for a wide range of neuropsychiatric disturbances such as mood disorders, anxiety disorders, substance use disorders, personality change, and cognitive impairment, 2 but the question of whether TBI is a risk factor for schizophrenia or psychosis remains somewhat controversial. A classic review published in 1969 by Davison and Bagley 3 concluded that . . . among individuals who had experienced TBI, ''the observed incidence (of psychosis) over 10-to 20-year periods is 2 to 3 times the expected incidence . . .'' Three decades later, David and Prince 4 reexamined this issue in a critical review and came to the conclusion that ''the classical case-control studies report apparently irreconcilably different estimates for the association between head injury and schizophrenia'' and that ''. . . given the available published data, one must conclude that it is unlikely that head injury causes schizophrenia.'' Kim 5 published a narrative review of the literature which concluded that the evidence supported ''a risk-modifying effect of TBI in individuals who are genetically at risk of schizophrenia'' but did not support TBI as an independent risk factor for schizophrenia. A recent systematic review by Hesdorffer et al 6 has concluded that ''there is limited/suggestive evidence of an association between moderate or severe head injury and psychosis.'' A comprehensive overview in a textbook chapter by Fleminger 2 stated that ''it is not possible to come to any definite conclusion about whether head injury can cause a chronic psychotic illness, schizophrenia, or schizophreniform psychosis,'' although he goes on to say that ''. . . a reasonable conclusion to draw is that head injury does increase the risk of psychosis, perhaps doubling it.'' Therefore, it can be seen that there is little consensus between the previous reviewers of this topic. However, only one of the previous reviews 6 had used systematic review methodology and none had used meta-analytic techniques to give pooled measures of risk. To help clarify this issue and move the debate forward, we conducted a systematic review and meta-analysis of the population-based literature to date on risk of schizophrenia among individuals who have suffered TBI compared with the risk of schizophrenia among a control group. To our knowledge, this is the first meta-analysis on this topic.
Methods

Literature Search
Standard methods for systematic review were used in this article. The following databases were searched from their inception to 
Inclusion Criteria
We included published articles that reported on 1. the risk of schizophrenia among individuals who have suffered TBI compared with the risk of schizophrenia in a nonbrain injured population-based control group and 2. allowed calculation of a risk estimate from data provided in the article.
TBI was not limited by severity.
Exclusion Criteria
Studies were excluded (1) if they were reviews, case reports, or case series, (2) if they comprised solely a follow-up study of a cohort of brain-injured patients with no comparison group, (3) if there was a nonpopulationbased control group (ie, a patient control group), or (4) if insufficient information was available to allow calculation of risk estimates.
Study Selection and Data Extraction
We examined all titles and abstracts and obtained full texts of potentially relevant studies. We read each article to determine whether it met inclusion criteria for the review. We searched reference lists of included studies. We extracted data relating to risk for schizophrenia following TBI from each article or calculated risk estimates from data available in the article. In extraction of data from the articles, we took a conservative approach and used the risk estimates pertaining to narrow definition of schizophrenia and the longest follow-rate reported in the articles for the main analysis. We contacted authors where necessary to obtain extra information to calculate risk estimates. We extracted information on source of information about TBI, severity of head injury, age at onset of head injury, and source of information on psychotic outcomes.
Data Analysis
Estimates of risk of schizophrenia associated with TBI from different studies were combined using randomeffects meta-analysis, with heterogeneity among studies estimated using Cochran Q and the I 2 statistic. 7 The I 2 statistic describes the percentage of variation among studies that is due to heterogeneity rather than chance, and I 2 values of 25%, 50%, and 75% can be taken to indicate low, moderate, and high levels of heterogeneity, respectively. We carried out subgroup analyses on mild vs severe TBI, childhood TBI and on broadly defined psychosis because there was felt to be sufficient numbers of studies in each group to allow these analyses. Meta-regression was undertaken to examine the influence of study design (family vs nested case-control/cohort). All of the analyses were undertaken with Stata statistical software package, 8 using the ''metan'' package. 9 
Results
Our literature search and search of reference lists yielded 9131 references and, after perusing the titles, 172 were considered to be potentially relevant. From examination of the abstracts and, where indicated, full texts of the articles, we identified 9 studies (see table 1 ) which met our inclusion criteria, of which 2 were nested case-control studies, 12,17 5 were cohort studies, 10, 13, 15, 16, 18 and 2 were family studies. 11, 14 Two studies 15, 16 reported from the same dataset but for different age groups and therefore, both were included in this analysis. A summary of the 9 studies included in the analysis is presented in table 1.
The overall pooled analysis revealed significant heterogeneity (in the high range) between studies (I 2 = 83.2%, P < .001). Accordingly, a random effects model was used. There was an overall association between TBI and subsequent schizophrenia (pooled OR = 1.65, 95% CI = 1.17-2.32) (see figure 1 ). When studies were subdivided by study design, the 2 family studies 11,14 yielded a pooled OR of 2.8 (95% CI = 1.7-4.5) with no heterogeneity (I 2 = 0.0%, P = .43) and the 7 cohort/nested case-control studies yielded a pooled OR of 1.42 (95% CI = 1.0-1.9) with a high degree of heterogeneity (I 2 = 79%, P < .002). Family studies found larger effect than cohort/casecontrol studies, by a factor of almost 2, with trend-level significance on meta-regression (OR = 1.94 [95% CI = 0.9-4.3]; P = .08). When subdivided by severity of TBI, the pooled ORs were similar with studies providing rates for mild TBI specifically, 12, 13, 15 yielding a pooled OR of 1.17 (95% CI = 0.7-2.1) with low heterogeneity (I 2 = 44%, P < .17), (see figure 2 ) and the studies giving estimates Traumatic Brain Injury and Schizophrenia for severe TBI specifically, 10,12,13,16 yielding a pooled OR of 1.18 (95% CI = 0.9-1.6) with moderate heterogeneity (I 2 = 61%, P < .04) (see figure 3 ). Subgroup analysis of the risk of TBI associated with a broadly defined psychosis 14, 17 yielded a pooled OR of 1.3 (95% CI = 1.1-1.48) with no heterogeneity. Subgroup analysis of the risk associated with Childhood TBI (less than 15 y) [13] [14] [15] yielded a pooled OR of 1.6 (95% CI = 0.6-2.6) with no heterogeneity.
Discussion
This article adds to the literature on the association between TBI and subsequent schizophrenia. Following a systematic review and meta-analysis, we report an increased risk of schizophrenia following TBI of about 60%. However, finding an association does not mean that causality is definitively established. As discussed in detail by David and Prince, 4 it is difficult to tease apart whether the TBI caused the psychosis or whether a particular individual was already on the trajectory toward psychosis before the injury occurred. The association could also be due to confounds such as substance abuse 19 or the existence of premorbid factors including motor and attentional problems, which are known to be associated with later schizophrenia. 20 The contribution of TBI seems to be greater among those with an inherited vulnerablity to schizophrenia.
11,14. Malaspina 11 found that TBI doubled the risk for schizophrenia in family members of probands with schizophrenia but also noted that TBI was more frequent among relatives of schizophrenia probands than among relatives of control probands suggesting that genes for schizophrenia may influence the exposure to TBI, as well as the consequences. Fann and colleagues 16 also found an increased rate of preexisting psychosis among individuals with head injury and speculated that psychosis increases the risk for TBI. The apparent complexity of the causal pathway between TBI and schizophrenia adds to the difficulty in investigating this relationship.
The apparent lack of a dose-response relationship between severity of head injury and risk for psychosis is intriguing, particularly in view of the recent interest in outcomes of mild head injury among athletes and soldiers. 1 This lack of effect of severity of TBI has been noted previously in studies comparing characteristics of cases with head injury and psychosis with matched head injury controls with no psychosis. 21, 22 On the one hand, a strong dose-response relationship between exposure and outcome would provide some reassurance that an association may be causal. On the other hand, it is possible that some other aspect of the head injury, such as Overall meta-analysis location of trauma, or psychosocial stress associated with the trauma, may be more relevant than the clinical measure of severity in increasing risk of psychosis. Our analysis did not support the hypothesis that childhood or adolescent head injury is more likely to be associated with later schizophrenia. 23, 24 However, this subgroup analysis was based on just 3 studies. [13] [14] [15] Two of these studies 14, 15 did find significant associations between childhood or adolescent onset TBI and later schizophrenia but the largest study did not find an association. 13 Previously, Wilcox and Nasrallah 24 reported a highly significant 10-fold increase in risk for schizophrenia following head injury before the age of 10 years, but this study was not included in the meta-analysis because it used surgical controls. Limitations 1. Methodological heterogeneity: As discussed in previous reviews of this topic, [4] [5] [6] [7] there are many methodological differences between the studies examining TBI and psychosis such as: (1) different sources of information about the head injury-self-report 10, 11, 14 vs hospital admission data; (2) different degrees of severity of head injury studied; (3) different definitions of psychotic illness-narrow schizophrenia outcomes, [10] [11] [12] [13] vs broader definitions, 14, 17 and (4) variations in length of follow-up post TBI ranging from 3 years [13] [14] [15] [16] to 35 years.
14 Nevertheless, we felt that there was sufficient similarity between the exposure and outcome variables in these case-controlled population-based studies to allow us to proceed to meta-analysis. Although there was a high degree of statistical heterogeneity in the data for the cohort and nested case-control studies, there was no heterogeneity for the family studies. We used a random effects meta-analysis and metaregression to take account of heterogeneity. 2. Location of TBI: We were not able to examine the effect of location of the TBI in this analysis. One of the limitations of the use of hospital discharge registers as a source of exposure information is that exact location of the brain injury cannot be determined. It has been proposed by some investigators that temporal and frontal lobe lesions are more likely to be associated with an increased risk of later psychosis compared with lesions in other brain regions. 3, 21, 22 However, the classic 22-year follow-up study of 3532 Finnish soldiers by Achte and colleagues 25 found no association between location of head injury and the subsequent development of psychosis 3. Another limitation is that none of the studies included in this review provided information on epilepsy. This could be a potential confounder of the association as head injury can cause epilepsy 2 and epilepsy is associated with an increased risk of psychosis. 26, 27 In conclusion, our systematic review and meta-analysis has found that there is an increased risk of schizophrenia following TBI. The increase in risk associated with TBI is Mild TBI studies not large, in the order of about 60%, but this is not unusual for environmental risk factors for schizophrenia. 28 In particular, the risk appears higher in those who have a family history of schizophrenia suggesting a geneenvironment interaction 29 or an epigenetic mechanism. 30 Investigation of the molecular or epigenetic consequences of TBI in relation to psychosis risk, or genetic investigation of families in which TBI and psychosis cluster, may be fruitful lines of enquiry. Severe TBI studies Fig. 3 . Pooled risk estimate for psychosis following severe traumatic brain injury.
